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ABSTRACT

Author: Gaopin, Cao. MS
Institution: Purdue University
Degree Received: December 2017
Title: Formation and Removal of Toxic Disinfection By-Products from Crosslinked Polyethylene
(PEX) Pipes in Building Premise Plumbing Systems
Major Professor: Amisha Shah

Cross-linked polyethylene (PEX) pipes are widely installed in the US, and the usage is
increasing due to several advantages that PEX pipes have over other alternatives (e.g. copper)
that are related to cost, flexibility, and environmental friendly. However, these pipes are well
known to leach total organic carbon (TOC), and thus affect overall drinking water quality within
premise plumbing systems. One area that has not been explored is the potential for such pipes to
form disinfection by-products (DBPs) from these leached organics in the presence of chlorinated
waters. This issue is of concern since DBPs are regulated within the water treatment plant and
distribution system but are not regulated within premise plumbing systems. This study aims to
identify how PEX pipes can alter the water quality by: (i) forming DBPs including
trihalomethanes (THMs) and nitrosamines from the leached TOC and potentially leached total
organic nitrogen (TON), following exposure to free chlorine or chloramines, respectively, (ii) do
so following exposure to various pipe types and varying water quality conditions including pH (6
– 9), disinfectant dosage (0.5 – 3.5 mg/L-Cl2), bromide concentration (0 – 250 µg/L), and
temperature (22 and 55 °C), and (iii) also remove DBP from the aqueous phase through PEX
pipe adsorption. Assessing the formation of DBPs were carried out kinetic and dose-dependent
experiments in which synthetic waters were exposed to PEX pipes for 3 days, removed from the
pipe and chlorinated for up to 5 d. Adsorption experiments were conducted by cutting the pipe
into pieces, exposing the pipe pieces to THM with varying initial concentration or pipe piece
weight. For all tested PEX pipes, nitrosamines were not formed (< 10 ng/L) following pipe
exposure and chloramination for up to 5 days. Alternatively, THMs were formed after
chlorination, especially for the PEX-a pipe, where bromide addition, increasing temperature,
high pH and increasing disinfectant dosage led to approximate 2× higher THM concentrations
than the PEX-free controls. From the standpoint of total overall THM formation, temperature led
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to the greatest increase in the CHCl3 concentration which was 5-fold higher at 55 °C than 22 °C
and well exceeded the 80 g/L THM regulatory limit. In addition, these PEX pipes were not only
a source of DBPs but were also verified to adsorb these DBPs as a sink. At 22 and 55 °C, the
percentage of total THMs removed equaled 48% and 80%, respectively, for all three PEX pipe
types after 3 d. The kinetic curve of THM adsorption onto these PEX pipes were found to fit
second-order adsorption model, and the isotherm fit fairly well to the Langmuir and Freundlich
equation. Thus when chlorinated waters are exposed to PEX pipes, THMs are predicted to be
formed and also removed simultaneously from water. Overall, the potential for PEX pipe to both
form and treat THMs needs to be considered when assessing overall drinking water quality and
the regulations that control it.
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1. INTRODUCTION

Cross-linked polyethylene (PEX) pipe is a type of polyethylene (PE) pipe that is made from
high-density (HDPE), medium-density (MDPE) and high-density (HDPE) polymers. There are
three types of PEX pipes, PEX-a, PEX-b and PEX-c, and they are different from each other by
the crosslinking method. PEX-a, b and c pipes were manufactured using peroxide, silane and
beta irradiation cross-linking process, correspondingly, and the chemical structures of PEX-a and
b are shown in Figure 1 (Whelton et al., 2013). PEX pipes have been widely used for over 30
years in North America. PEX pipes were first used to North America in 1984 for radiant floor
heating (NAHB, 2006), then used in the hot water plumbing system since 1970s, and finally used
for buried water service after being approved in 2006 (AWWA, 2006). There are a lot of
advantages of PEX pipes. They are inexpensive and easy to install (Connell, 2014), and flexible
at room temperature due to their subzero glass transition temperature (Tg). PEX pipes are also
thermoset and made by chemical bonding between polymer chains which makes them resistant
to mechanical damage (Whelton et al., 2013). PEX pipes are more resistant to corrosion
comparing to poly-1-butene (PB) pipes (Whelton et al., 2013), and the lifetime of PEX pipe is 50
years longer than other PE pipes at 80˚C (Munier et al., 2002). It has also been reported that
1000 feet of PEX pipes as compared to 1000 ft of copper pipes has a 0.3 to 2.6× lower energy
requirement for processing and transport a 3 to 5× lower greenhouse gases emission, and a 2 to
5× lighter weight (Franklin Associates, 2011).
Because of these advantages, PEX pipes have replaced many other pipe-based materials.
PEX pipes are preferred to be installed in new buildings, and the use of PEX pipes increased
rapidly in the last few years. It was reported that 54% the people who re-plumbed their houses
selected to use PEX pipes, which was considerably greater than others who used copper (15%) or
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chlorinated polyvinyl chloride-based pipes (7%) (Lee et al., 2013). In 2000, the use of PEX pipe
in portable water system in North America was 30 million meters, nearly 2.5 ×as much as in
1995. In 2002, nearly 169 million lbs of PEX pipes were consumed which led North America to
become the second largest market share in the world following Europe (Mullionel, 2011). In
addition, PEX pipes have currently been reported to have oversold both copper and PVC pipes
and thus have the biggest market share in North America (Reeves Journal, 2012).
However, previous research has indicated that PEX pipes can influence the water quality
detrimentally in the aspect of odors, taste, chemical and microbiological issues. First, the
threshold odor number (TON) of one type of PEX pipe, PEX-b, was reported to be as high as
100 after the pipe was exposed to stagnant water after 3 d (Connell et al., 2016). Although this
value decreased to the range of 10 to 20 after 30 d exposure to stagnant water (Connell et al.,
2016), it still exceeded a TON of 3, which is the US EPA’s secondary maximum contaminant
level (SMCL). Other PEX pipe types including PEX-a and PEX-c pipes were also confirmed to
caused odor after 30 d which exceeded USEPA SMCL (Kelley et al., 2014). Odor was also
analyzed using the flavor profile analysis (FPA) method in which the FPA intensity of three
flush periods (3 or 4 days per period) in PEX-b ranged from 2 to 6 units of intensity with
different disinfectants (Durand et al., 2007). The type of compounds that caused the odors were
also identified, and the main compounds included the crosslink initiator degradation product
ethyl-t-butyl ether (ETBE) and methyl tert-butyl ether (MTBE). The ETBE concentration was
reported at 30 (after 9 – 12 d) to 140 g/L after 3 d (Durand et al., 2007) and 3 to 179 g/L after 30
d of exposure to PEX pipes (Kelley et al., 2014), while the drinking water standard is 40 g/L
(NHDES, 2009). MTBE in the water exposed to PEX pipes was quantified to be 47.6 and 213
g/L after 3 d of stagnation (Skjevrak et al., 2003; Lund et al., 2011), values that are orders of
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magnitude higher than the EPA recommended levels of 20 to 40 μg/L or below (Advisory,
1997).
Another concern of PEX pipes is their ability to release assimilable organic carbon (AOC)
which is important since it represents compounds that can be consumed by bacteria to provide
growth and nutrition. AOC concentrations were found to be 0.23 mg/L after 24 h at 60˚C and
0.05 mg/L after 72 h at 30˚C after it was exposed to PEX-b pipe (Bucheli-Witschel et al., 2012).
The AOC concentration eventually decreased to 0.15 and 0.02 mg/L, respectively, as the
flushing periods increased (Bucheli-Witschel et al., 2012). In another study, the concentration of
AOC leached from PEX-b was greater than 0.15 mg/L after 7 d at 23˚C (Connell et al., 2016).
Overall though, it was concluded that the AOC leached from PEX pipes exceeding the threshold
value (0.1 mg/L, >15℃) which significantly increased the probability of coliform occurrence
(Volk and LeChevallier, 2000). In addition, more than 38 compounds including antioxidants and
their degradation products, compounds of known origins, and compounds with unknown origins
were detected and identified in water which was in contact with PEX pipes (Whelton & Nguyen,
2013). Some examples include phenols (Brocca et al., 2002; Koch, 2004), aldehydes (Nielsen et
al., 2007), esters (Durand, 2005), alcohols (Anselme et al., 1985), ethers (Koch, 2004; Durand
2005), hydroperoxides (Durand, 2005), ketones (Skjevrak et al., 2003), terpenoids (Skjevrak et
al., 2003), and naphthalene (Skjevrak et al., 2003).
Knowing that many chemical compounds have been identified to leach from PEX pipes,
attention also focused on their potential to leach compounds assessed as total organic carbon
(TOC) and total organic nitrogen (TON). TOC concentrations in waters exposed to PEX pipes
ranged from 0.4 to 101 mg/L after 3d, and 0.2 to 44 mg/L after 9d (Forslund, 1991). Specific
type of PEX pipes were also assessed, and the concentrations for each pipe type from varying
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flush periods were constant: the TOC concentrations of water exposed to PEX-a and PEX-b
pipes from three flush periods (3d to 4d per period) were 0.4 mg/L and 1.4 mg/L, respectively
(Durand, 2005). Some other studies also reported maximum leached TOC concentrations from
various PEX pipes which are described in Table 1. In most reviewed papers, a decrease of TOC
concentration with increasing flushing time was observed (Connell et al., 2016; Kelley, 2014;
Lund et al., 2011). Although specific standard of TOC is not regulated, but it is reported that
treatment technique (enhanced coagulation or softening) is required when TOC concentrations of
source or treated water is greater than 2 mg/L (EPA, 2001).
In addition to TOC, TON can also potentially leach from PEX pipes due to the new
manufacturing methods in which amines have been used in some cross-linking agents, which
were proposed in patents. A new way to cross-link the PE using graftable stabilizers to form
PEX pipes was invented (AlMalaika and Lewucha, 2011). In this patent, stabilizers which
contained certain antioxidant (AO) functional groups were used to protect the pipes against
oxidative degradation and lengthen the stability. They claimed that the AO functional groups
were selected perfectly from several groups including hindered amines and aromatic amines. In
another patent, it was also claimed that the combination of AO with hindered amines light
stabilizers (HALS) could diminish the mechanical damage due to oxidative degradation (from
disinfectants, such as free chlorine (HOCl/OCl-)) (Ericsson & John, 2010). Because these crosslinking agents contain amine groups, TON is also potentially leached from PEX pipes.
The leaching of TOC and TON is important since it can react with disinfectants such as free
chlorine and monochoramine to form disinfection by-products (DBPs) that are both carbon- and
nitrogen-based, e.g., trihalomethanes (THMs) and nitrosamines (Richardson & Postigo, 2015).
Most previous research has studied the DBP formation in water distribution systems (Legay &
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Table 1. The TOC leaching in previous researches
Pipe type

TOC concentration (mg/L)

Duration

References

Unidentified

2.5

6 and 9 d

Skjevrak et al., 2003

PEX-a

18

3d

Koch, 2004

PEX-a

9.5

3d

PEX-b

9

3d

PEX-c

0.5

1 year

PEX-a

More than 6

3d

Kelley, 2014

PEX-b

1.5

3d

Connell et al., 2016

Lund et al., 2011
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Christelle, 2010; Pereira et al., 2004; Rodriguez et al., 2004; Simpson & Hayes, 1998) and within
water treatment plants (Wei et al., 2010; Chen et al., 2008; Marhaba & Van, 2000; Toroz &
Uyak, 2005; Nieminski et al., 1993). However, limited research has focused on how DBPs may
form in premise plumbing systems. It’s evident that the US EPA established regulations for
DBPs in only treatment plants and distribution systems (USEPA, 2001;USEPA, 2005), while
nothing was regulated in the housed plumbing systems. There are a few studies though, which
have reported that the water quality can be affected due to water storage in the plumbing system
(Whelton et al., 2015; Dion-Fortier et al., 2009; Lautenschlager et al., 2010). One of the studies
indicated that the THMs formed was 1.6-fold higher in water that remained stagnant in the
plumbing system for 2 days than the water collected directly at the effluent of distribution system
(Yamamoto et al. 2007). However, these data do not specify the what component of the premise
plumbing system (e.g. metal tanks or the plastic pipes) led to this increased effect (Yamamoto et
al. 2007). Therefore, the individual impact of each part was unknown. In addition, the THM
concentration was found to increase by a 2-fold after one-night stagnation in the pipe at 20˚C,
but the material of the pipe was not specified to be metal or plastic (Dion-Fortier et al., 2009). In
all of these studies, the residual free chlorine concentration decreased which is possibly due to
the free chlorine reacting with certain materials during the stagnation of water in the plumbing
system. However, there are limiting previous papers that translated this effect to increasing DBP
formation in plastic pipes from plumbing systems.
Given that TOC is leachable and residual free chlorine can decay within these systems, it is
important to study how various water quality conditions can also change and affect DBP
formation as well. From previous research, it is evident that DBP formation can be influenced by
several factors. First, due to the different water ages, residual chlorine concentrations in
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plumbing systems can vary (Dion-Fortier et al., 2009), and disinfection dosage can influence
DBP formation, especially with regards to THM formation (Hua & Reckhow, 2008; Iriarte et al.,
2003; Carlson & Hardy, 1998). For drinking water, the free chlorine residual is recommended to
be between 0.2 to 2 mg/L-Cl2 (SFS, 2014) after 24 h storage at home or greater than 0.5 mg/LCl2 after 30 min contact in the distribution system (WHO, 2011). Second, the effect of
temperature is also important since temperatures also vary in the plumbing systems. This is due
to the presence of hot water heaters which supply hot water of up to approx. 60˚C (Brazeau &
Edwards, 2013) for multiple point-of-use locations (e.g. shower, sink, and washing machine).
Since hot water is stored in plumbing systems for some time, it has been found to influence the
leaching of organics but also DPB formation (Hua & Reckhow, 2008; Westerhoff, 2006; Carlson
& Hardy, 1998). In addition, the pH and bromide concentrations of these waters can also vary.
Typical pH values of drinking water range from 6.5 to 7.5 (Dietrich, 2015), and its variability
can play an important role since THMs formation is base-catalyzed (Hansen et al., 2012;
Bougeard et al., 2008; Hua & Reckhow, 2008; Hu et al., 2009). Alternatively, average bromide
concentration in US surface waters range from 0.014 ~ 0.2 mg/L (VanBriesen) whereas US
drinking water sources contain 0.095 ± 0.132 mg/L (USEPA, 2000). The bromide level can
influence the formation of DBPs since it forms hypobromous acid (HOBr) (eq. 1) which is a
stronger oxidant than HOCl (Heeb et al., 2014) which can generat brominated DBPs (e.g.
brominated THMs such as CHCl2Br, CHClBr2 and CHBr3) (Criquet et al., 2012) or enhance
nitrosamine formation (Luh & Mariñas, 2012). These varying water quality conditions may then
play an important role when considering DBP formation from waters exposed to PEX-pipe
leachate.
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Moreover, PEX pipes also have the potential to adsorb DBPs as well. Previous research
indicates that chlorinated organics can be adsorbed by many plastic materials, including
polyurethane (PU), polyethylene (PE), neoprene (NEO) and polyvinyl chloride (PVC). In
particular, CHCl3 adsorbed onto PU, PE, NEO and PVC surface following the Freundlich
isotherm (Cook Jr et al., 1983). One previous study determined the solubility (S) and diffusion
coefficients (D) of several contaminants including THMs for several PE pipes including PEX
pipe (Whelton et al. 2009). They also indicated that compounds with varying octanol/water
partition coefficients (Kows) behaved differently in PEX pipes in which nonpolar contaminants
(high Kow value) had the greatest solubility and fastest diffusivity (Whelton et al. 2009), CHCl3,
for example, has a log Kow value of 1.97 (Watts et al., 2004). Therefore, it is reasonable to
predict that PEX pipes can also adsorb THMs.
Therefore, the goal of this study was to identify how PEX pipes can alter drinking water
quality through a combination of two mechanisms: (i) formation of toxic DBPs from reaction of
leached organic material with disinfectants and other chemical constituents and (ii) removal of
these DBPs by PEX pipe surface adsorption. Synthetic waters with varying conditions were
prepared, and exposed to the PEX pipes, following chlorination and chloramination. A series of
kinetic and dosage experiments were conducted to evaluate how different PEX pipe types and
water conditions affect the THMs/nitrosamines (Figure 1) formation. THM adsorption was
measured by exposing PEX pipe segments to synthetic waters containing DBPs where their
residual concentrations over time were measured. Overall, the experiments were conducted to
elucidate the THM/nitrosamines formation and the removal of THM through adsorption.
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Figure 1. The molecular structure of (a)THMs and (b)nitrosamines.
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2. MATERIAL & METHOD

2.1 Characterization of Pipe
Three types of pipes were examined in this study, PEX-a, b and c, which were purchased in
September 2016 from Ferguson Enterprise, SharkBite and NIBCO, respectively. For each type,
all the pipes used were purchased as one coil (500 feet), and the diameter was 3/4-in, as shown in
Figure 2.
2.2 Standards and Reagents
Methanol (MeOH; methyl alcohol, anhydrous; ChromAR®) and pure chloroform
(hydrocarbon stabilized) were purchased from Macron Fine Chemicals. Methylene chloride
(MeCl2; GC Resolv®) was purchased from Fisher Chemical. A THMs mix (200 mg/L in MeOH
which contained CHCl3, CHCl2Br, CHClBr2, CHBr3), EPA Method 521 Analyte Stock Solution
(200 mg/L in MeCl2 which contained NDMA, NMEA, NDEA, NDPA, NDBA, NPYR and
NPIP), NDMA (100 mg/L in MeCl2) and EPA Method 521 Surrogate Standard Stock Solution
(NDMA-d6; 1000 mg/L in MeCl2) were purchased from AccuStandard. Sodium hypochlorite
(NaClO; 10 – 15% active chlorine), sulfuric acid (ACS reagent), sodium thiosulfate (99%,
anhydrous), L(+)-Ascorbic acid (99%), sodium phosphate monobasic (NaH2PO4, 98+%, ACS
reagent), sodium phosphate dibasic (Na2HPO4, 99%), sodium tetraborate (borax, fused), sodium
hydroxide (NaOH, 98.5%) and N,N-Diethyl-p-phenylenediamine sulfate (DPD, 99%) were
purchased from ACROS Organics. The nanopure water used in these experiments was obtained
from a Barnstead Nanopure water purification system (18.2 MΩ cm).
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(a)

(b)

(c)
Figure 2. Picture of pipe coils of (a) PEX-a pipe (b) PEX-b pipe (c) PEX-c pipe.
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2.2.1 Stock preparation
Stock solutions were prepared for free chlorine, monochloramine, THMs, nitrosamines,
phosphate buffer and borate buffer. Primary stock solutions for free chlorine were prepared at
200 mg/L in 20 mL using the purchased stock. The primary stock concentrations were measured
daily by evaluating its absorbance at λ= 292 nm (A292) using Shimadzu UV-Vis
spectrophotometer (UV-2700) and calculating using the water ɛ with a 1 cm path length =ɛb[free
chlorine (M)] (ɛ = 350 M-1cm-1, B = 1cm) (Morris, 1966). NH2Cl stocks were prepared at 19 mM
(674.5 mg/L- Cl2) in 10 mL by mixing 40 mM HOCl and 48 mM NH4Cl at pH 9.2 using 2 M
NaOH for at least 30 mins (Mccurry et al., 2016). The fresh stock of NH2Cl was prepared daily
and kept up to 24 h at 4 °C. NH4Cl stock was measured by diluting it by 1:20 and measuring its
absorbance at 245 and 295 nm using Shimadzu UV-Vis spectrophotometer (UV-2700) with a
path length of 1 cm. These values were then placed into the following equations (eq. 2 and 3) to
determine CNH2Cl and CNHCl2:
A245 = ɛNH2Cl, 245 CNH2Cl l + ɛNHCl2, 245 CNHCl2 l

(eq. 2)

A295 = ɛNH2Cl, 295 CNH2Cl l + ɛNHCl2, 295 CNHCl2 l

(eq. 3)

in all cases, these values were equal to ɛNH2Cl, 245 = 445 M-1cm-1, ɛNH2Cl, 295 = 14 M-1cm-1; ɛNHCl2,
245

= 208 M-1cm-1, ɛNHCl2, 295 = 267 M-1cm-1 and l = 1 cm (Schreiber & Mitch, 2005).
The THMs stocks were prepared at 5 mg/L in 10 mL by diluting the purchased solution with

MeOH. The nitrosamines stocks were generated at 5 mg/L in 10 mL by diluting the purchased
stock with MeCl2. Phosphate buffer was used to control the solution pH and generated by
proportionally mixing 100 mM NaH2PO4 and Na2HPO4 and diluting into designed concentration.
In order to achieve the highest buffer capacity, pH = 6.5 to 7.5 was controlled by 10 mM
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phosphate buffer, while pH = 6 and 8 was controlled by 50 mM phosphate buffer. Buffers with
pH equal to 8.5 and 9 was controlled by 10 mM borate (Na2B4O7) buffer which was adjusted by
adding diluted H2SO4.
2.3 Experiment Set-up
Two main types of studies were conducted in this research: (i) formation study to explore
the formation of THMs and nitrosamines; (ii) removal study (THM only) to quantify the sorption
effect on pipe surfaces and adsorption isotherm. For the experiments of formation study, three
general steps were applied: pipe flushing, disinfecting (with free chlorine or monochloramine)
and concentration measuring. For the experiment of removal study, four steps were conducted,
including preparation of pipe pieces, injection, sampling and concentration measurement.
2.3.1 Experimental Procedure for Formation Study
For the experiments in the formation study, three types of pipes (PEX-a, PEX-b, PEX-c)
were cut two-meter long, filled with solutions prepared synthetically (Table 2), and sealed with
Teflon paper, rubber band and PTFE-septa caps. The pipes were placed at designed temperature
under stagnant condition for three days. After three days, the flushed waters were removed,
represented one flushing period (FP 1), and stored in big glass bottles at 4 °C until used within
one months. The flushed pipe was then filled by new synthetic water with the same condition
and repeated the same operation twice to generate flushing period 2 (FP 2) and flushing period 3
(FP 3) as shown in Figure 3(a). In addition, controls samples were generated by exposing the
synthetic water with the same condition as pipe-exposed samples to glass bottles for 3 d (Figure
3b). For THMs, all the experiments were conducted in the same flow, as shown in Figure 4.
Briefly, 5 mL of flushed waters with designed conditions (Table 2) were taken into a 10-mL

PEX-a

Disinfectant

PEX-a
PEX-a

pH

T-Br combination

FP 1

FP 1

FP 1

FP 3

PEX-c
PEX-a

FP 1,FP 2,

PEX-a, PEX-b

Temperature

Pipe Type

Dosage

FP 1

PEX-a

[Br - ]
FP 1

Period

Influence Factor

55

22

22 and 55

22

22

22

(°C)

7

6.5 – 9

7

7

7

7

100

0

0

0

0

0 – 250

(µg/L)

2

2

2

2

0 – 3.5

2

(mg/L – Cl2)

Dosage

Chlorine

Periodically

Periodically

Periodically

Periodically

After 5d

After 5d

Point

Table 2. The conditions of the synthetic waters used in each experiment for the study of THMs formation.
Examined
Pipe Type
Flushing
Temperature
pH
[Br - ]
Free
Quenching
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headspace crimp vial (GC vial) which could be regarded as a batch reactor, and chlorinated with
the concentration of 2 mg/L-Cl2 free chlorine (in disinfectant dosage experiment, the samples
were exposed to the free chlorine in the range of 0.5 - 3.5 mg/L-Cl2). At sampling point, the
samples were quenched by 50 µL of 100 g/L ascorbic acid stock, and then the THM
concentrations were measured by gas chromatography (GC). To measure the factors that can
influence the THM formation (pipe types, flush periods, temperature, bromide, pH, initial free
chlorine concentration and the combination of temperature-bromide), two types of experiments
were used, dosage experiment and dosage experiment. In the influencing factor experiments of
[Br - ], pH and initial free chlorine concentration, the samples were quenched once after 5d
chlorination, which are dosage experiments; while in the experiments of pipe types, flush
periods, temperatures and temperature-bromide combination, the samples were quenched
periodically over 5d, which were kinetic experiments. The set-up of synthetic waters and the
quenching points of experiments were listed in Table 2. For all types of influencing factor
experiments, control experiments were conducted. The controls were performed by exposing the
synthetic waters to glass bottles for 3 d (Error! Reference source not found.b), and then went t
hrough the same chlorination, quenching and measurement procedures as pipe-exposed samples.
For nitrosamines, only different pipe types and temperature were examined, using kinetic
experiments. 500 mL of the flushed waters (pH 7; [Br - ] = 0 µg/L; flushed at 22 and 55 °C; PEXa, b and c; FP 1) were collected into PYREXTM reusable borosilicate glass bottles with
polypropylene screw-cap, and dosed with 2 mg/L-Cl2 preformed NH2Cl up to 5 d. The solutions
were quenched with 50 mg of sodium thiosulfate after 1, 3 and 5 days of chloramination. These
samples were gone through a series of treatment processes (see 2.5) before measuring

(b)

(a)

Figure 3. The diagram of the flushing procedure for (a) experiment samples and (b) control samples.
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Figure 4. The diagram of the THM formation experiment flow.
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concentration, according to a modified U.S. Environmental Protection Agency (USEPA) method
521 (Munch & Bassett, 2004). The control experiments were conducted using two different
proceeding ways. One was similar to the controls for THMs, where the synthetic water was
placed in glass bottles instead of pipes, and then the same chloramination and quenching steps
were conducted. In the other way, the waters were exposed to the pipes for three days and
collected in the PYREXTM bottles, but the waters were stagnant for 5 d without chloramination.
2.3.2 Experimental Procedure for Removal Study
The removal experiments consisted of three parts: (i) the kinetic adsorption experiments, (ii)
the effect of the adsorbent weight on adsorption (adsorbent weight experiment), (iii) the
quantification of the adsorption isotherm. For all experiments in this part, the pipes (PEX-a, b
and c) were cut longitudinally by vertical bend saw, and then cut into half-dog-bone shape pieces
using tensile die and die cutter, as shown in Figure 5
The kinetic adsorption experiments were conducted at 22 and 55 °C using three types of
pipes (PEX-a, b and c). For each pipe type, eight pipe pieces (4.43 g) were put in a 20-mL glass
vial, and the buffer (pH = 7, 10 mM) was added until headspace free; while stir bars were used
for controls, as shown in Figure 6(a). The original THMs mix stock was then injected using
syringe with the vials open (cap off), and screw the cap immediately to avoid the THM escaping.
The initial concentration of each individual species (CHCl3, CHCl2Br, CHClBr2, CHBr3) in the
solution was set as 50 μg/L, while 200μg/L for total THMs (TTHMs). And then the injected 20
ml headspace free vials with pipe pieces were put on the rotator at 25 rev/min over 72 hr (3
days), as shown in Figure 6(b). At each sampling point (1, 4, 8, 20, 24 and 72 hr), 5 ml of the
sample was transferred to GC vial to measure the THMs concentration.
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The adsorbent weight experiment and adsorption isotherm were also measured. The setup of
these two experiments were similar, the pipe pieces and buffer (pH 7, 10 mM) was put in the 20mL vial until headspace free, and the THM original stock was injected the same as the kinetic
adsorption experiments. Finally, after 6d, 5 ml of the samples were collected into GC vial and
the concentrations were measured by GC. However, the setup of the pipe pieces weight and the
THM initial concentration was different in two experiments. For adsorbent weight experiment,
the initial THM concentration was fixed as 50 µg/L as individual species (CHCl3, CHCl2Br,
CHClBr2, CHBr3) and 200 µg/L as TTHM, and the pipe pieces weights were varying in the rage
of 0.5 to 4.3 g. However, for the adsorption isotherm experiment, the weight of pipe pieces was
fixed as 4.34 ± 0.08 g, and the initial THM concentration was varied in the rage of 1 – 1000
µg/L.
2.4 Analytical Method
THMs were measured using gas chromatography (Agilent 7890B) with electron capture
detection (GC-ECD). The GC vial was incubated at 80 °C for 15 m and 500 μL of sample of
headspace was injected with the split ratio of 1:10. Separation was achieved using an Agilent
123-1334 DB-624 (30 m × 320 μm × 1.8 μm) column at 250 °C. The initial temperature of the
oven was held at 40 °C for 5 mins, increased to 240 °C at the rate of 20 °C min-1 and, finally held
at this temperature for 5 mins. The calibration curve of THMs is shown in Figure 7 (R2 = 0.99).
The detection limits (DL) for this method for CHCl3, CHBrCl2, CHBr2Cl and CHBr3 were 2.03,
1.66, 1.63 and 1.93 μg/L, respectively.
The TOC concentration in the flushed waters was measured by a Shimadzu TOC-L
CPH/CPN total organic carbon analyzer using USEPA method 415.1, in which potassium
hydrogen phthalate was used to make the calibration standards. Standards of 0.5 ~ 50 mg/L were
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(a)

(b)

(c)
Figure 5. Picture of (a) vertical bend saw, (b) die cut machine and (c) half-dog-bone shape
pipe pieces.
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(a).

Figure 6. Pictures of the set-up of sorption experiment at 22 °C.
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Figure 7. The calibration curve of THMs, R2 = 0.99 (pH = 7).
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measured to develop the calibration curve which was found to be linear (R2 = 0.99). The DL for
this method is 0.087 and 0.040 with and without buffer (pH = 7, 10 mM), respectively
The concentration of residual free chlorine and was measured using a Shimadzu UV-Vis
spectrophotometer (UV-2700) by measuring the absorbance of the sample containing buffer and
DPD reagent at 515 nm (A515), according to DPD colorimetric method (Eaton et al., 1998). The
calibration curve was developed by running standards of 0.5 ~ 3 mg/L-Cl2, which was linear (R2
= 0.99).
2.5 Development of Nitrosamines Measurement Method
To measure nitrosamines, 500 mL samples were first preconcentrated by solid phase
extraction (SPE). NDMA-d6 (10 ng/L) was added to the samples (500 ml) as surrogate standard
with monochloramine, shown in Figure 8(a). The analytes were extracted using a vacuum
manifold as shown in Figure 8(b). In this procedure, the samples containing NDMA-d6 were
passed through a SPE cartridge containing 2 g of coconut charcoal at 10 mL/min. After this, the
cartridge was eluted by 10 mL MeCl2, and the eluate was then collected into a 10-mL test tube.
The samples were then concentrated to 1 mL by blowing it with high purity dry N2 (Figure 8(c))
followed by transferring into 2-mL amber HPLC glass vial, the nitrosamine concentrations were
measured by an Agilent 7890B GC with tandem mass spectrometry (GC-MS/MS) using methane
as the positive chemical ionization (PCI) reagent gas. A 3 μL of liquid sample in MeCl2 was
injected onto an Agilent CP9151 VF-1701ms (30 m × 250 μm ×0.25 μm) column at 200 °C
using splitless mode. The temperature of oven was held at 40 °C for 3 mins, increased to 85 °C at
the rate of 15 °C min-1 and then ramped to 240 °C at 30 °C min-1. The precursor ion, product ion,
retention time, collision energy and DL are shown in Table 3. The standards for this procedure
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(a)

(b)

(c)
Figure 8. Set-up of nitrosamines measurement: (a) chloramination, (b) solid phase extraction
(SPE) and (c) concentration with N2.

Chemical name

N-Nitrosodimethylamine-d6
N-Nitrosodimethylamine
N-Nitrosomethylethylamine
N-Nitrosodiethylamine
N-Nitrosopyrrolidine
N-Nitrosodinpropylamine
N-Nitrosopiperidine
N-Nitrosodinbutylamine

Compound

NDMA-d6

NDMA

NMEA

NDEA

NPYR

NDPA

NPIP

NDBA

159

115

131

101

103

89

75

81

Precursor ion

57

41

43

55

75

61

43

46

Product ion

nitrosamine compounds.

9.50

8.91

8.48

8.79

7.25

6.62

5.53

5

20

5

20

5

5

20

20

energy

(sec)
5.51

Collision

Retention time

50

50

50

50

50

60

40

40

Gain

Table 3. The chemical name, precursor ion, product ion, retention time, suggested collision energy and gain for seven
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were prepared in two ways: (i) nitrosamine stock and NDMA-d6 (10 ng/L) were spiked into 500
mL nanopure water to create the concentrations of 0, 20 and 50 ng/L, the water was then
undergone preconcentration procedure as samples were (ii) the same total mass of nitrosamines
stock and NDMA-d6 were directly added to 2 mL amber glass vial containing 1 mL MeCl2. The
calibration curves of (i) and (ii) and the R2 are shown in Figure 9. The recovery of this method
was 80%, which was calculated by the equation:
Recovery = average peak area of NDMAd6 of method (i)
/ average peak area of NDMAd6 of method (ii)

(eq. 4)

In this research, all the nitrosamines concentration was calculated using method (i) calibration
curve.
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Peak Area Ratio
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NDEA
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Figure 9. The calibration curve of nitrosamines (a) standards were made using method (i):
R2 equals to 0.96 (NDMA), 0.89 (NPIP), 0.96 (NMEA), 0.94 (NPYR), 0.95 (NDBA), 0.96
(NDPA), 0.95 (NDEA); (b) standards were made using method (ii): R2 equals to 0.98 (NDMA),
0.88 (NPIP), 0.94 (NMEA), 0.92 (NPYR), 0.87 (NDBA), 0.92 (NDPA), 0.95 (NDEA)
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3. DISCUSSION & RESULTS

3.1 The Influence of Pipe Shelf Storage Time on TOC leaching
Pipes were purchased from various retailors in October 2016 and were stored at room
temperature (22 °C) in open air for over a one-year period (Figure 10). Only data for PEX-a
pipes were plotted, since this is the only pipe that was used frequently enough to create a curve
(Error! Reference source not found.). Two-meter sections of these pipes were cut periodically a
nd then flushed with synthetic water at either 22 or 55 °C for 3 d. This water was then collected
and measured for its TOC concentration. For the experiment at 22 °C, a 2-meter long PEX-a pipe
was first flushed in December 2016, 1 month after purchasing the coil. The TOC concentration
for FP 1 (flush period 1) was 5.8 mg/L-C, and then decreased to 1.5 mg/L-C after 11 months of
shelf storage. This loss of TOC was more significant when the pipes were heated. For the
experiments at 55 °C, the pipe was first flushed in December 2016, two months after purchasing
the coil. The TOC concentration was as high as 63 mg/L-C. However, in October 2017 (one year
after purchasing the coil), the TOC concentration was 5.5 mg/L-C, even lower than the
concentration of new pipe that was flushed at 22 °C.
The data for both temperatures indicated that the TOC leaching decreased even though the
pipe was just stored on the shelf without any special operation (Figure 10). This may due to the
fact that PEX-a pipes were manufactured by incorporating the peroxide compounds that are heatactivated into the polymer (Whelton & Nguyen, 2013). When exposing to the air, some
molecules vaporized from the pipe surface to the air. Previous research measured the TOC
concentration leaching from several different PEX pipes (PEX-a,b and c) for drinking water or
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Figure 10. The picture of the storage of PEX pipes.

30
hot and cold water over one year (Lund et al., 2011). The TOC concentration of their new pipes
ranged from < 0.2 to 9.5 mg/L-C, but the concentration decreased after 5 months. In most cases,
the TOC concentrations after 5 months were even lower than those after 1 year, and they
concluded that the TOC concentration decreased as the service time increased (Lund et al.,
2011). However, in our research, it was found that the TOC concentration also decreased even
though the pipes were just stored on the shelf.
In addition, the THM concentration was measured from the waters presented in Figure 11
following chlorination (2.0 mg/L-Cl2 free chlorine) over 5 days at 22°C. This was done in order
to inspect if the varying TOC concentration would then alter THM formation. Because no
bromide was added, only CHCl3 was formed. CHCl3 formation was then correlated with the TOC
concentration in Figure 12. In this case, a control experiment was also added in which the same
water followed the same procedure but were not exposed to PEX-a pipe. As shown in Figure 12,
the CHCl3 concentrations were in the range of 6.6 to 10 μg/L for controls and 22.7 to 23.8 μg/L
for pipe-exposing samples, even though the TOC concentration decreased. This result indicated
that CHCl3 formation and potentially THM formation was not influenced by the changing TOC
concentration (Figure 12). This is because most materials that compose TOC were not identified,
and not all of them are THM precursors. The vapored organic molecules are not THM
precursors, which means the vapored organics can’t react with free chlorine to form THM.
However, most previous researchers concluded that the THM formation increased as TOC
concentration increased in water treatment plants (Saidan et al., 2013), river flows (Ramavandi et
al., 2015) and water supply systems (Chowdhury & Champagne, 2008). In all these previous
cases, the THM formation increased linearly as the TOC concentration increased. The difference
between this and previous researcher may be due to the fact that the TOC leached from plastic
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Figure 11. Effect of storage time of pipes on TOC leaching from PEX pipe over one year. A
pipe of 2 meters long from the same coil was cut at individual time point, flushed with synthetic
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water for 3 d and the TOC concentrations of the flushed waters were measured immediately.
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Figure 12. CHCl3 formation versus TOC leaching 5 days after chlorination ([free chlorine]0
= 2 mg/L-Cl2, PEX-a, FP 1, pH 7.3 ± 0.2, 22 °C, [Br -] = 0 μg/L).
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were not the same as the main component of the TOC in most finished drinking water and
drinking water sources waters (Singer, 1994; Saidan et al., 2013; Ramavandi et al., 2015)
3.2 THM Formation from Pipe-Exposed Waters following Chlorination
Generally, all the experiments in this section followed the same procedure, except that the
pipe type, disinfectant dosage or the water quality constituents that were inside the synthetic
waters including temperature, bromide concentration and pH were varied. Parallel control
experiments without PEX-pipe were also carried out. It was observed that THMs were also
formed in controls, primarily because low TOC levels (< 1.0 mg/L-Cl2) existing in the purified
water likely reacted with free chlorine to form THMs. In addition, CHCl3 was the only THM that
formed in the absence of bromide.
3.2.1 Effect of Pipe Type on CHCl3 Formation
THM formation was assessed over time following chlorination from waters flushed with
three types of pipes and over three flush periods (Figure 13). In terms of kinetics, data for all
three pipe types indicated that CHCl3 increased fast in the beginning for up to approx. 0.5 d and
then plateaued for up to 5 d. In addition, the CHCl3 formation for the 5 d exposure for all of the
conditions tested is shown in Table 2, and three conclusions can be drawn. First, the CHCl3
concentrations of pipe-exposed waters were higher than controls for three types of pipes, which
means CHCl3 formation increased after exposing to PEX pipes. Secondly, the waters flushing in
PEX-a formed the most amount of CHCl3 after 5 d chlorination. The CHCl3 concentrations after
5d chlorination of PEX-a pipe-exposed samples were 2.7-fold, 2.4-fold and 1.8-fold higher than
the controls for FP1, 2, and 3, respectively (Table 4). For FP 1, the CHCl3 formation of PEX-a
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Figure 13. Effect of pipe type (a) PEX-a, (b) PEX-b and (c) PEX-c on CHCl3 formation over
three flushing periods ([free chlorine]0 = 2 mg/L-Cl2, pH 7.3 ± 0.2, 22 °C, [Br -] = 0 μg/L).
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Table 4. The CHCl3 concentration after 5d chlorination for PEX-a, PEX-b, PEX-c and
controls from flush period 1, 2 and 3
Control (μg/L)

PEX-a (μg/L)

PEX-b (μg/L)

PEX-c (μg/L)

FP 1

8.41

23.05

16.29

18.40

FP 2

8.41

20.08

9.43

18.07

FP 3

8.41

15.19

14.48

12.79
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was 1.4-fold and 1.3-fold higher than PEX-b and c. Third, the CHCl3 decreased as the flush
period increased for PEX-a and c, while this trend was not significant for PEX-b (Table 4). After
5 d chlorination, for PEX-a, the CHCl3 concentration from FP 1 was 1.15-fold and 1.5-fold as
that from FP 2 and 3; for PEX-c, the CHCl3 concentration from FP 1 was 1.02-fold and 1.6-fold
as that from FP 2 and 3. However, for PEX-b, the CHCl3 formation after 5 d chlorination in FP 2
was the weakest among three flush periods. In consideration of these three results, flushed waters
from FP 1 of PEX-a were chosen for the following factor-effect experiments to obtain
remarkable results.
The TOC leaching of three types of pipes and flush periods were measured immediately
after flushing (Figure 14). For all three pipe types, the TOC concentration of pipe-exposed
samples was higher than the controls, although the difference was slight for PEX-c (Figure 14).
However, we didn’t observe a significant relation between the flush period and the TOC
leaching: the TOC leaching was constant in the range of 4 – 6 mg/L-C for PEX-a pipes, 0.9 – 1.4
mg/L-C for PEX-b pipes and 0.43 – 0.54 mg/L-C for PEX-c pipes. This was not consistent with
previous research. Previous research concluded that the TOC concentration decreased as the
flushing time increased for PEX-b and polypropylene (PP) pipes over 30d (Connell, 2014;
Connell et al., 2016) and PEX-a,b and c over 30d (Kelly et al., 2014). However, it was reported
that over three flush periods (3-4d per period), a significant decline in TOC in PEX-c pipes was
observed, but this trend in PEX-a was not clear (Durand & Dietrich, 2005). Besides, it was
observed that TOC leaching of PEX-a, b and c pies after 5 months was the lowest, compared to
new pipes and after 1 year, but the author still concluded that “migration of non-volatile
(NVOC), not measured in this study, is also generally decreasing over time” (Lund et al., 2011).
In contrary, an increase of TOC concentration with time over 10 d was observed for polyvinyl
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Figure 14. Effect of pipe type (a) PEX-a, (b) PEX-b and (c) PEX-c on TOC leaching over
three flushing periods (pH 7.3 ± 0.2, 22 °C, [Br -]=0 μg/L). The concentration was measured
immediately after flushing.
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chloride (μPVC) pipes, polypropylene random (PPR) pipes, polyethylene (PE) pipes (Zhang &
Liu, 2014). In addition, as shown in Figure 14, TOC leaching from PEX-a pipes were greatest,
while least TOC was leached from PEX-c pipe which was not significantly distinguish from the
controls (>0.4 mg/L). Similar conclusions, that PEX-c leached the least TOC and PEX-a leached
the most TOC, was drawn by previous researchers (Lund et al., 2014; Kelly et al., 2011). For all
three pipes and flush periods, the residual free chlorine decreased from 2 to 1 mg/L-Cl2 after 5d
(Figure 15). However, the difference between pipe-exposing samples and controls was not
significant, and considering that which means TOC exceeded and initial available free Cl2
(2mg/L-Cl2) was the limiting factor in this study.
3.2.2 Effect of Temperature on CHCl3 Formation
Temperature was the most important factor influencing CHCl3 formation. The effect of
temperature on CHCl3 formation and residual free chlorine concentration was assessed through a
series of kinetic experiments in which the same data of 22°C from Figure 13(a) were directly
compared to experiments conducted at 55°C (Figure 17). For the controls at 55°C, the CHCl3
formation increased first and then tended to be constant, which was similar with the trend at
22°C; the concentration was up to 36 μg/L after 5d, which was 3.5-fold higher than the control at
22°C and even 1.5-fold as high as the pipe-exposed samples at 22 °C. The great formation in
controls at high temperature indicates that the influence of temperature on CHCl3 formation is
fairly strong. At 55 °C, the concentration was up to 147 and 173 μg/L after 5 d and 10 d of
chlorination, respectively, which exceeded the regulation of 80 μg/L (USEPA, 2001) greatly.
The CHCl3 concentration after 5d chlorination at 55 °C was 6.39-fold as that at 22 °C and 4-fold
as controls. Besides, the difference between pipe-exposed samples and controls at 55°C was 110
μg/L, which was 6 times greater than the difference at 22 °C (15 μg/L). This means that at high
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temperature, the exposure to pipes is more influential. Compared to that CHCl3 formation trend
at 22°C (increased fast in the beginning and then tended to be constant), this trend was not clear
at 55°C. As shown in Figure 15, CHCl3 concentration still increased after 5d, but at a slow rate.
This is not consistent to previous research on CHCl3 formation, in which the CHCl3 reached
plateau (about 45 μg/L) after 10 h chlorination with the precursor of phenol at 23 °C (Gallard &
von Gunten, 2002). This is because in their research, the initial free chlorine concentration was
30 times higher than the phenol concentration, which means free chlorine exceeded a lot to the
chlorine demand in the system. However, in our experiment, the residual free chlorine was only
0.04 mg/L-Cl2 after 5 d chlorination (Figure 16c). This means, the CHCl3 formation didn’t reach
the equilibrium within 10 d at 55 °C, and the reaction time and initial free chlorine are the two
limiting factors.
In addition, the kinetic experiment of residual free chlorine at 55 °C was also conducted, as
shown in Figure 17 in which the data for 22 °C from Figure 15a was plotted again. The effect of
the temperature on the residual free chlorine was strong. At 22 °C, the free chlorine was
consumed linearly, but at 55 °C, the trend was different. The free chlorine consumption was fast
in the beginning and became slow after 24 h. After 5d chlorination, the free chlorine at 55 °C
was almost consumed up, while at 22 °C only 50% of initial free chlorine was consumed.
Using dosage experiment, the CHCl3 formation, TOC leaching and the residual free chlorine
concentration was measured after 5d chlorination at varying temperatures (Figure 18). As shown
in Figure 18a, the CHCl3 concentration of waters flushed in PEX pipes were higher than controls
as a factor of 4 and 3 at 55 and 22 °C, respectively. However, at 4 °C, the difference was
negligible. First, the CHCl3 formation increased greatly as temperature increased. The THM
concentration at 55 °C was 5 and 49 times higher 22 and 4 °C, respectively. Previous also
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reported the increase formation at higher temperature: THM concentration of river water at pH
7.2 increased from 70 to 230 μg/L linearly as temperature increased from 5 to 35 °C over 80h
chlorination of 23 mg/L-Cl2 (Ramavandi et al., 2015); THMs concentration of water in treatment
plant at pH 7.7 increased from 30 to 75 μg/L as temperature increased from 5 to 40 °C over 3h
chlorination of 1.2 mg/L-Cl2 (Saidan et al., 2013); THM concentration of water in treatment
plant at pH 7 increased from 150 to 350 μg/L as temperature increased from 5 to 30 °C over 48h
chlorination of 6 mg/L-Cl2 (Hua & Reckhow, 2008). However, they only raised the temperature
to 35 or 40 °C, while the high temperature of 55 °C or even higher in a building is possible. In
addition, due to the existence of TOC in nanopure waters, the CHCl3 concentration in controls
also increased as temperature, the controls at 55 °C was 3.5- and 8-fold higher than the controls
at 22 and 4 °C.
TOC concentration was measured immediately after flushing at varying temperatures
(Figure 18b). For new pipe coils, TOC concentration was 63, 6 and 1 mg/L-C when the pipes
were flushed at 55, 22 and 4 °C. Few previous researchers detected the effect of temperature on
TOC leaching from plastic pipes. It was reported that the TOC concentration at 30 °C for 72h
was much lower than that at 60 °C for 24h (Bucheli-Witschel et al., 2012), however, only PEX-b
pipe was measured. For some reason, the TOC concentration in controls also increased as
temperature, and it was 0.2, 0.5 and 8 mg/L-C for 4, 22 and 55 °C. In addition, the difference of
TOC leaching between pipe-exposing samples and controls became greater when temperature
increased as well. The TOC leaching in pipe-exposing samples was 3, 8 and 5 times higher than
controls at 4, 22 and 55 °C, respectively.
As for the residual free chlorine, the difference between pipe-exposing samples and controls
were again not significant, but the difference among varying temperatures were remarkable
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(Figure 18). At 55 °C, nearly all the initial free chlorine was consumed up (>0.1 mg/L-Cl2),
while at 22 and 4 °C, only 50% and 12.5% of initial free chlorine was consumed after 5 days. It
means, at high temperature, the initial free chlorine concentration of 2 mg/L-Cl2 limited the
further formation of THM. It was reported that the residual free chlorine concentration was
around 0.7 mg/L-Cl2 in cold tap (>10 °C), while it was basically 0 mg/L-Cl2 in hot tap (40 – 55
°C) (Liu & Reckhow, 2015). However very few research has detected how temperature influence
the residual free chlorine.
3.2.3 Effect of Bromide on THMs Formation
The CHCl3 formation in the flushed waters with varying amount of bromide was measured
using dosage experiment. The initial bromide concentration varied from 0 to 250 μg/L, and the
chlorination time was 5d. In this part, bromide was involved, so four THM species were all
observed. The total THM (TTHM) formation is shown in Figure 19 and the individual species
formation is shown in Figure 20.
First, bromide can influence the formation of TTHM (Figure 19). TTHM concentration
increased as the bromide concentration increased in the range of 50 – 200 μg/L, although TTHM
concentration of 10 μg/L bromide addition was similar to that without bromide. The TTHM
concentration with 200 μg/L of initial bromide was 1.5-, 1.7-, 1.4- and 1.3-fold as high as those
when 0, 50, 100, 150 μg/L of bromide was initially added, respectively. Similar conclusion was
drawn by previous researchers. It was reported that for finished water, the TTHM concentration
with 200 μg/L addition of bromide was 1.14-fold as that with 50 μg/L addition (Casson et al.,
2011). For raw waters (collected at the intake of drinking water treatment plants), the TTHM
molar concentration with 30 μmol/L initial addition of bromide was 1.58- and 1.74-fold higher
than without bromide when 6.2 and 5 mg/L-Cl2 was added, respectively (Hua et al., 2006). When
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high free chlorine dosage of 20 mg/L-Cl2 was applied, TTHM concentration with 250 μg/L
addition of bromide was 1.24-fold higher than without bromide (Ramavandi et al., 2015). A
slight decreased of TTHM formation was observed when 250 μg/L was added, and this happened
when low dosage of chlorine (2 mg/L-Cl2) was added in previous research (Chang et al., 2011).
In addition, for the all bromide experiments, the TTHM concentrations of pipe-exposed pipes
samples were twice as the controls. The formation trend versus varying initial bromide
concentration in controls was similar to that in pipe-exposed samples.
Second, bromide can influence the composition of the THM species (Figure 20). As the
initial bromide concentration increased, the CHCl3 concentration decreased, while CHBr3
increased. However, for CHCl2Br and CHClBr2, the concentration both increased first and then
decreased. The maximum formation then occurred when 100 and 200 μg/L of bromide was
added for CHCl2Br and CHClBr2, respectively. This formation trend was in agreement with prior
investigators’ results (Ichihashi et al., 1999; Bird, 1979). However, different result was observed
for CHCl2Br. Some researchers concluded that, similarly with CHCl3, CHCl2Br also decreased
continuously as bromide concentration increased (Ramavandi et al., 2015; Li et al., 2008; Chang
et al., 2001; Uyak & Toroz, 2007). The percentage of brominated THM species increased
continuously from 10% to 90% (Error! Reference source not found.) with the initial bromide c
oncentration increasing from 0 to 250 μg/L. This is consistent to previous research in which the
weight percentage of brominated species was 62% and 95% when 50 and 200 μg/L was added
(Casson et al., 2011).
The shift of the THM species distribution is due to two reasons. The first one is that
hypochlorous acid (HOCl) can react with bromide to form hypobromous acid (HOBr) (eq. 1)
which has a stronger oxidizing ability. In addition, previous researches concluded that the
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substitution reactivity of HOBr is 25 times stronger than HOCl in THM formation (Chang et al.,
2001). The shift of THM species distribution can also explain the TTHM formation increase, in
our research, the THM concentration was expressed in weight concentration (μg/L), and the
molar weight of bromine is heavier than chlorine. So as brominated species percentage
increased, the TTHM weight concentration increased as well. However, as shown in Figure 22,
the TOC leaching was not affected by the bromide concentration significantly. The TOC
concentration was constant in the range between 3 and 4.5 mg/L-C.
3.2.4 Combined Effect of Temperature-Bromide on THMs formation
The combined effect of temperature and bromide was also detected by kinetic experiments
with addition of 100 μg/L bromide at both 55 and 22 °C (Figure 23 & Figure 24 &). A lot of
previous researchers detected the combined effect of free chlorine dosage and bromide on THM
formation (Ramavandi et al., 2015; Uyak & Toroz, 2007; Hua et al., 2006; Chang et al., 2001;
Bird, 1979), but very few researchers study the combination of temperature and bromide.
According to Figure 23 & Figure 24, several conclusions can be drawn. First, for all four THM
species and TTHM at both 22 and 55 °C, the concentrations of pipe-exposed samples were
higher than the controls. At 22 °C, after 5d chlorination, the concentrations of pipe-exposed
samples were 1.5-, 1.8-, 2.5- and 2-fold as controls for CHCl3, CHCl2Br, CHClBr2 and TTHM,
respectively (CHBr3 was not formed). At 55 °C, after 5d chlorination, the concentration of pipeexposed samples are 2.2-, 3.1-, 2.5- and 2.7-fold as controls for CHCl3, CHCl2Br, CHClBr2 and
TTHM, respectively; as for CHBr3, 2.7 μg/L was formed in the pipe-exposed samples, but none
was formed in controls.
The trend of formation at varying temperature was different. At 22 °C, for all formed THM
species and TTHM, the concentration increased linearly as time. The average formation rate over
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5d was 0.05, 0.09, 0.07 and 0.2 μg/L·h for CHCl3, CHCl2Br, CHClBr2 and TTHM, respectively.
At 55 °C, it’s clear that for CHClBr2 and CHBr3, the formation increased fast in the first 24h, and
then tended to be constant, which means the formation reaction reached at equilibrium. The
formation rate of CHClBr2 and CHBr3 was 0.8 and 0.1 μg/L·h for the first 24h. However, for
CHCl3, CHCl2 and TTHM, the formation rate was 1, 1.6 and 3.6 μg/L·h for the first 24h, and 0.3,
0.3 and 0.6 μg/L·h after 24h until 120h (5d), which means the formation kept increased
continuously over 5d, but the formation rate became slower after the first 24h. In addition, the
THM concentration and formation rate at 55 °C was higher than 22 °C over 5d. After 5d
chlorination, the CHCl3, CHCl2Br, CHClBr2 and TTHM concentration at 55 °C was 8.5-, 5-, 2-,
and 5-fold higher than those at 22 °C. Same story occurred for formation rate.
In addition, for both 22 and 55 °C, the four individual THM species percentage of TTHM
was calculated (Figure 23), and CHCl3 and brominated THM species percentage was also
calculated (Figure 24). At both temperatures, all the species percentage of TTHM tended to be
constant. At 55 °C, after 5d chlorination, the CHCl3, CHCl2Br, CHClBr2 and CHBr3 percentage
was 36.2%, 45.3%, 17% and 1.5%, respectively; while at 22 °C, the CHCl3, CHCl2Br and
CHClBr2 was 22.8%, 44% and 33.2%, respectively. At both temperatures, the first predominant
compound was CHCl2Br. However, second predominant compound is CHCl3 at 55 °C, and is
CHClBr2 at 22 °C. Interestingly, as shown in Figure 23, only CHCl3 percentage at 55 °C is
higher than 22°C, CHCl2Br and CHClBr2 percentage at 55 °C is both lower than 22 °C, although
the concentrations of all compounds increased as temperature increased. So as temperature
increased, the chlorinated THM percentage of TTHM increased, but the brominated THM
percentage decreased contrarily. In addition, at 22 °C, chlorinated THM percentage increased
continuously and brominated THM percentage decreased continuously, however, at 55 °C,
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chlorinated THM percentage increased and then decreased to a constant level, and brominated
THM percentage was in contrary. By comparing Figure 16(a) and Figure 24, at 22 and 55 °C, the
TTHM concentrations and formation trend of pipe-exposed samples and controls with 100 μg/L
of bromide were similar to those without bromide. And this result is consistent to the conclusion
that was drawn from Figure 19, in which the TTHM concentration after 5d chlorination with 100
μg/L of bromide was similar to that without bromide. However, at 55 °C, CHCl3 composed only
36% TTHM, while at 22 °C, CHCl3 composed almost 100% TTHM.
The residual TOC concentration at 55 °C with 100 μg/L of bromide was measured using
kinetic experiments over 5d of chlorination (Figure 25). The initial TOC concentration was 5.5
mg/L-C which was measured immediately after pipe flushing, while it was 0.9 mg/L-C in
controls that the waters were exposed to glass bottles instead of pipes. And then after
chlorination, the residual TOC concentration was measured periodically. As shown in Figure 25,
the residual TOC concentration was constant with time. In addition, although there were 5 mg/LC in the system, only about 0.1 mg/L THM was formed. There are two possible reasons. First is
that, TOC exceeded in the system compared to the free chlorine, and the reaction is limited by
the initial free chlorine dosage. The other reason is that the effective compounds percentage that
can react with free chlorine to form THM was low in the TOC that was leached from the pipes.
3.2.5 Effect of Initial Free Chlorine Dosage on CHCl3 formation
The CHCl3 concentration after 5d chlorination with varying initial free chlorine dosage was
measured (Figure 26). The CHCl3 concentration of pipe-exposed samples was 1.1-, 1.3-, 2.3-, 2and 3.8-fold as controls when 0.5, 1, 2, 3 and 3.5 mg/L-Cl2 was added, respectively. As shown in
Figure 26, only trace CHCl3 (below 4 μg/L) was formed with 0.5 mg/-Cl2 initial addition, and the
concentration increased linearly (r2 = 0.99) as the initial free chlorine concentration increased in
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the range of 0.5 – 2 mg/L-Cl2. The CHCl3 formation with 3 mg/L-Cl2 of initial free chlorine is
similar to that with 2 mg/L-Cl2, but it increases when 3.5 mg/L-Cl2 was added. In our research,
no significant breakpoint of the initial free chlorine addition was observed in this range of 0.5 –
3.5 mg/L-Cl2.
However, it was reported that the breakpoint was 1 mg/L-Cl2 for the water that was
collected from the water treatment plant before chlorination (Duong et al., 2003). A breakpoint
of 2.5 mg/L-Cl2 was observed for the filtered river waters (Bird, 1979). For river water collected
from the intake of the drinking water treatment plant, the breakpoint was 10 mg/L-Cl2, and the
THM concentration with 10 mg/-Cl2 addition was 10 times higher than that with 1 mg/-Cl2
addition (Ramavandi et al., 2015). Breakpoint of 9.5 and 8.2 mg/L-Cl2 was observed for two lake
waters, and the THM concentration with addition of breakpoint dosage was 1.7 to 2-fold as that
with addition of less than breakpoint dosage (6.7 and 4.3 mg/L-Cl2) (Chowdhury & Champagne,
2008). A breakpoint of 10 mg/L-Cl2 was observed for Nile River upstream at 20 °C and pH 8
(El-Dib et al., 1995). The presence of the breakpoint can be explained by a three-region model
which was established in previous research (Trussell & Umphres, 1978). It was demonstrated in
this three-region model that, the first region is immediate-Cl-demand in which the free chlorine
reacts mainly with inorganic to only trace THMs; the second region short-term-Cl-demand in
which the free chlorine begins to react with all the available organics, and the THMs formation
increases linearly with the inversing dosage; the last region is long-term-Cl-demand in which the
THM increase is modest as free chlorine increases. However, the continuous increase of CHCl3
with increasing free chlorine dosage was also observed, when the Aldrich humic acid was used
to react with varying free chlorine dosage range from 2 – 16 mg/L-Cl2, which means no
breakpoint was observed in the range of their research (Kavanaugh et al., 1980). As for the
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residual free chlorine, the concentration increases as the initial free chlorine increases. When the
addition of initial free chlorine was less than 1 mg/L-Cl2, the residual free chlorine concentration
was low (<0.05 mg/L-Cl2), which means the initial free chlorine was consumed up. When the
initial free chlorine was added more than 3 mg/L-Cl2, the residual free chlorine increased
sharply, because the initial free chlorine exceeded.
3.2.6 Effect of pH on CHCl3 formation
The effect of pH on CHCl3 formation (Figure 28a), TOC leaching (Figure 28b) and residual
free chlorine (Figure 28c) was measured using dosage experiment over 5d. Due to the existence
of TOC in our nanopure water, as shown in Figure 28a, the CHCl3 concentration of controls
increased significantly as pH increased, the CHCl3 concentration at pH 9 is 2-, 2.7- and 4-fold as
those at pH 8, 7 and 6, respectively. This is because that THM formation is base-catalyzed,
which is commonly admitted. The strength of pH on THM formation was observed in all the
previous researches that studied the effect of pH on THM formation. However, the the shape of
the increasing curve was different, and there are 3 types of increasing curve in total. First, some
researchers reported a linear increase curve in the rage of 5 – 10 (Hua & Reckhow, 2008) for
intake of the water treatment, 4 – 10 (Kavanaugh et al., 1980) and 6 – 9.5 (Bird, 1979) for
synthetic humic acid solution exposed to 8 – 10 mg/L-Cl2 at 20 °C. Second, it was reported that
the THM formation increase is sharp in the range of pH 5 – 8, and then tends to be constant at
pH > 8 (Li et al., 2008) with exposure of 20 mg/L-Cl2 at 20 °C. Third, other researchers reported
that the increase is modest first and then becomes sharp: Stevens et al. (1976) reported the
concentration increases slowly in pH 3 – 7 and fast in pH 7 – 9 when exposed to 10 mg/L-Cl2 at
20 °C, while it was reported the fast increase was in pH 6 – 8 and slow increase was in pH 8 – 10
with Chlorine dosage of 1.2 mg/L-Cl2 (Saidan et al., 2013) and 5 mg/L-Cl2 (El-Dib et al., 1995)
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at 20 °C, respectively. In our experiment, the strengthen effect was not significant in the range of
pH 6 – 7.5: and CHCl3 concentration at pH 7.5 is 1.2-fold as that at pH 6, but at high pH in the
range of 7.5 – 9, the increase was fast: the CHCl3 concentration at pH 9 was 3-fold as that at pH
7.5, which is consistent to the third type of increasing curve. However, compared to the controls,
the concentration increased of pipe-exposed samples was not that significant. A trend of slight
increase was observed: the CHCl3 concentration at pH 9 is 1.4-fold as that at pH 6, but this
increase is slight compared to controls (4-fold). In addition, this increase is not constant, as the
curve is sawtooth shape rather than a smooth shape. This is because the THM precursor leached
from PEX pipes was not the same as the typical THM precursor which is usually humic acid, and
the THM precursor in our research is not that sensitive to pH as humic acid. As for TOC
leaching and residual free chlorine concentration was not influenced by pH significantly.
3.3 Nitrosamines Formation from Pipe-Exposed Waters following Chloramination
The nitrosamines concentration was measured after 1, 3 and 5 d of chloramination at both 22
and 55 °C. However, for all three types of pipes, only NDMA was formed at 22 °C. Even
though, the nitrosamines consist of 7 compounds (Figure 1), and the concentration is low (< 5
ng/L). When the temperature increased to 55 °C, there are two effects: (i) the NDMA
concentration increased, (ii) NDBA and NDPA also showed up. For PEX-a-pipe-exposed
samples at 55 °C, the NDMA concentration didn’t increase; NDBA and NDPA were also
formed, although the concentration was so low that less than 10 ng/L. For PEX-b-exposed
samples at 55 °C, NDMA concentration was similar to that at 22 °C, but NDBA was formed as
well as NDMA, and the concentration after 5d chlorination was 15 ng/L. For PEX-c-exposed
samples at 55 °C, NDMA was still the only formed compound, but the concentration (7.2 ng/L)
was 2.4-fold as that at 22 °C (3 ng/L). It can be concluded, when exposed to PEX pipes, the
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nitrosamines were not formed; even though the temperature influences the concentration and
composition of nitrosamines, the formation was still too weak to be worried about.
3.4 THM removal through adsorption to the PEX pipe surfaces
The removal of THM by adsorption to PEX pipe surfaces at 22 and 55 °C was measured
using kinetic experiments, and the controls were performed by putting a stir bar in the reactor
instead of pipe pieces (Figure 6). Figure 29 and Figure 30 show the periodical concentration of
four individual THM species and TTHM in solution and on pipe pieces, respectively. More than
25 models have been established to describe the relationship between concentration on adsorbent
and contact time (Santhy & Selvapathy, 2006). There are limitations and advantages for each
model, and in our research, three adsorption models were selected to fit the data: the Lagergren
model (Namasivayam & Ranganathan, 1994), the second-order kinetic model (Ho & McKay,
1999) and the intra-particle diffusion model (Singh et al., 2012). The Lagergren model is defined
by the following equation:
log (qe – qt) = logqe – k1t/2.303

(eq. 5)

where qe is the equilibrium concentration of adsorbate on adsorbent (mg/g), qt is the
concentration of adsorbate on adsorbent at time t (min), and k1 is the Lagregren rate constant
(1/min). The second-order kinetic model is defined by the following equation:
t / qt = 1/k2qe2 + t/qe

(eq. 6)

in which, k2 is the rate constant of second-order adsorption (g/mg/min). Lastly, the intra-particle
diffusion model is defined by:
qt = kidt1/2 + C

(eq. 7)

where kid is the intra-particle diffusion rate constant (mg/g/min1/2) and C is boundary layer
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Figure 29. Kinetic sorption curve, the concentration of CHCl3, CHCl2Br, CHClBr2, CHBr3
and TTHM in solution over 3 days for PEX-a, PEX-b and PEX-c (22 and 55 °C, pH 7.2±0.2).
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thickness constant (mg/g). All the calculated constants were shown in Table 5 (22 °C) and Table
6 (55 °C). Second-order kinetic model fits the data best, so it can be concluded that the
adsorption of THM on PEX pipe surface is second-order.
According to Figure 29, the adsorption is significant at both temperatures. In addition, the
THM removal percentage of initial THM concentration (50 µg/L as individual species and 200
µg/L as TTHM) at each temperature for each type of pipe is calculated in Table 7. As shown in
Figure 29, the controls of CHCl3 and CHBr3 were constant at 50 µg/L with time, but there is a
drop for the control of CHCl2Br and CHClBr2 after 3d adsorption. The reason for this abnormal
decrease was unknown, but for pipe-exposed samples, the concentrations were constant, which
means although some material was lost in controls but the pipe-exposed samples were not
influenced.
Three conclusions can be drawn from Figure 29. First, at both temperature, the kinetic
adsorption curve trends of four THM species are similar for all types of pipes: the adsorption is
fast in the first 8h and then tends to be constant after 24h. At 55 °C, in the first 8h, the TTHM
concentration decreases rate is 17, 17 and 15 µg/L/d, but in 8 – 72h, the TTHM concentration
decrease rate is 0.5, 0.5 and 0.6 µg/L/d for PEX-a, PEX-b and PEX-c, respectively. The
adsorption rate in the first 8h is 34-, 37- and 24-fold as fast as 8 – 72 h for PEX-a, b and c,
respectively. Even at 22 °C, the adsorption in the first 8h is faster than 8 – 72h, as a factor of 22,
7 and 7 for PEX-a, b and c, respectively. Second, temperature is a critical factor that can
influence the adsorption greatly. At 22 °C, the TTHM removal percentage of the initial
concentration is 42%, 51% and 49% for PEX-a, b and c pipes, respectively; at 55 °C, the TTHM
removal percentage is 84%, 82% and 80% for PEX-a, b and c pipes, respectively. Compared to
22 °C, Qe at 55 °C is 1.6- to 2.1-fold higher for PEX-a pipe, 1.4- to 1.8-fold higher for PEX- b

PEX-c

PEX-b

PEX-a

91.6
101.9

CHClBr2

CHBr3

67.3

CHCl3
82.4

115.8

CHBr3

CHCl2Br

105.7
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CHCl3

CHClBr2

113.7

CHBr3

97.8

99.4

CHClBr2

CHCl2Br

88.3

0.26

0.247

0.22

0.21

0.26

0.221

0.172

0.135

0.381

0.378

0.345

0.263

(1/hr)

(µg/g)
75.9

k1

qe

CHCl2Br

CHCl3

Parameter

Lagergren model

/

/

/

/

/

/

/

/

0.74

0.72

0.66

0.52

R2

132.72

116.51

102.9

84.67

139.7

125.2

114.5

104.1

116

101.3

87.8

70.8

(µg/g)

qe

0.00078

0.00089

0.00094

0.00104

0.000843

0.000848

0.000738

0.00052

0.0025

0.0029

0.0032

0.0039

(g/µg/hr)

k2

0.99

0.99

0.99

0.99

0.99

0.99

0.99

0.98

0.98

0.98

0.98

0.97

R2

Second-order kinetic model

22 °C

6.33

5.39

3.26

1.81

14.66

11.29

6.81

1.75

27.17

23.84

19.86

9.11

(µg/g)

C

14.61

12.91

11.49

9.43

14.71

13.21

12.1

10.38

12.45

10.68

9.4

8.69

(µg/g/hr1/2)

kid

0.94

0.94

0.93

0.93

0.5

0.95

0.95

0.94

0.81

0.81

0.8

0.78

R2

Intra-particle diffusion model

Table 5. The constants of Lafrefren model, second-order kinetic model and intra-particle diffusion model at 22 °C.
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Parameter

Lagergren model

/

/

/

/

/

/

/

/

/

/

/

/

R2

193.04
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0.99

0.99
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0.99

0.99

0.99

0.99
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Second-order kinetic model

53.89
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66.98
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C

19.26
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17.64
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kid
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0.74

0.74
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0.67
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Table 6. The constants of Lafrefren model, second-order kinetic model and intra-particle diffusion model at 55 °C.
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Table 7. The THM removal percentage (%) of initial THM concentration after 3d for PEX-a,
PEX-b and PEX-c at 22 and 55 °C.
At 22 °C
CHCl3

CHCl2Br

CHClBr2

CHBr3

TTHM

PEX-a

31.17

40.29

46.45

50.56

42.17

PEX-b

39.26

48.73

55.12

59.63

50.74

PEX-c

36.58

46.41

53.13

58.04

48.61

At 55 °C
CHCl3

CHCl2Br

CHClBr2

CHBr3

TTHM

PEX-a

76.75

84.06

85.58

88.11

83.64

PEX-b

74.61

81.67

83.95

87.20

81.87

PEX-c

72.48

79.28

82.32

86.29

80.11
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pipe and 1.6- to 2.1-fold higher for PEX-c pipe. In addition, the adsorption rate of TTHM in the
first 8h at 55 °C is 2.4-, 3.1- and 2.9-fold higher than 22 °C for PEX-a, b and c, respectively.
Third, the compound with greater molecular weight is more favorable to be adsorbed by the PEX
pipe pieces. The removal percentage of CHBr3 is 1.5-, 1.2 and 1.03-fold higher than CHCl3,
CHCl2Br and CHClBr2 after 3d adsorption. The Qe shows the following order of the adsorption
to PEX pipe surface: CHBr3 > CHClBr2 > CHCl2Br > CHCl3. This is consistent to previous
research (Cunha et al., 2010), in which the adsorption of THMs on humin was measured over 10
d, and the removal percentage is 83.2%, 78%, 77% and 74.6% for CHBr3, CHClBr2, CHCl2Br
and CHCl3, respectively. The adsorption of THM on powered activated carbon was also
measured, after 8d the qe is 0.119, 0.108, 0.089 and 0.063 mg/g for CHBr3, CHClBr2, CHCl2Br
and CHCl3, respectively (Lu et al., 2005).
The effect of the adsorbent weight on the adsorption was measured by exposing varying
weights of pipe pieces to fixed initial THM concentration (50 µg/L as individual species and 200
µg/L as TTHM). After 6d, the removal percentage is 53.6%, 65%, 67.3%, 72.8% and 63.9% for
CHCl3, CHCl2Br, CHClBr2, CHBr3 and TTHM, respectively (Figure 31). As shown in Figure 31,
for all THM species and TTHM, the removal percentage increases linearly as the pipe piece
weight increases (R2 = 0.975). This is because, as the weight of pipe piece increases, the
adsorbent surface area and adsorption sites increases, which can provide more locations for
compounds to bond with. This result is consistent to previous research where the removal of
congo red on activated carbon was measured (Namasivayam & Kavitha, 2002). In their, the
removal increases initially and then a plateau is observed, but in our research, the weight of pipe
piece is not great enough to observe the plateau. The removal percentage follows the order:
CHBr3 > CHCl3 > CHCl2Br > CHClBr2, which is consistent to the above conclusion. In addition,
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the TTHM removal percentage is the average of the four THM individual species. The adsorbent
weight can also influence the equilibrium concentration of THM on adsorbent (Figure 32). As
the adsorbent weight increases, the peak of Qe shows at adsorbent weight equals 2 g, when the
adsorbent weight is gretaer than 2g, Qe decreases., it’s because the THM concentration in the
solution is not high enough to enforce the adsorption
The adsorption isotherm was represented by both Langmuir and Freundlich equation. The
assumption of Langmuir isotherm is that, the adsorbate was adsorbed on a monolayer of
homogeneous adsorbent surface represented by the following equation:
Ce/qe = 1/QmbA + Ce/Qm

(eq. 8)

where, Qm is the maximum adsorbent-phase concentration when the surface sites are saturated
(mg/g), bA is the Langmuir adsorption constant (L/mg). Freundlich isotherm is used to describe
the adsorption of compound on multilayers on heterogeneous adsorbent surface, the equation is:
logqe = logKA + 1/n·logCA

(eq. 9)

where, KA is the Freundlich adsorption capacity parameter [(mg/g) (L/mg)1/n], and 1/n is the
Freundlich adsorption intensity parameter. The calculated parameters were shown in Table 8,
and the fitted data are plotted in Figure 33. The KA in the Freundlich equation is related to the
adsorption capacity, and both of then follow the order: CHBr3 > CHClBr2 > CHCl2Br > CHCl3.
This order is consistent with previous research (Cunha et al., 2010). They measured the
adsorption of THMs on humin and fitted the data with Langmuir and Freundlich isotherms. They
also reported CHBr3 with the strongest adsorption capacity to the adsorbent surface, followed by
CHClBr2, CHCl2Br and CHCl3. However, the conclusion is opposite when the adsorption of
THMs on carbon nanotubes was assessed (Lu et al., 2005; Lu et al., 2006), they concluded that
CHCl3 was observed with strongest adsorption capacity, and followed by CHCl2Br, CHClBr2
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and CHBr3. However, for bA and Qm in Langmuir equation and 1/n in Freundlich, the constants
don’t increase as the molecular weight increases as we expect. There are two possibilities, one is
that if Langmuir is used to fit the data, there will be some limitations. On the other hand, bA is a
constant that related to the capacity of adsorbent, so it can be concluded that the adsorption
capacity of THM is influenced by the property of the adsorbent.

Table 8. The constants of Langmuir and Freundlich at 22 °C.
Langmuir Isotherm

Freundlich Isotherm

Qm

bA

R2

KA

1/n

R2

CHCl3

0.357

0.0093

0.97

0.0043

0.809

0.97

CHCl2Br

0.665

0.0064

0.98

0.0057

0.828

0.96

CHClBr2

0.836

0.0064

0.98

0.0064

0.865

0.96

CHBr3

0.803

0.0136

0.98

0.0143

0.771

0.95
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Figure 33. The Langmuir (a) and Freundlich (b) isotherm curve of CHCl3, CHCl2Br,
CHClBr2 and CHBr3 at 22 °C.
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4. CONCLUSIONS & FUTURE WORK

On the basis of the results in this research, following conclusions can be drawn:
(1). The TOC leaching decreases with time at a slow rate, even though the pipes are just
stored on the shelf. The TOC concentration of water exposed to the pipes which are 1 year after
purchasing is less than 10% and 30% of the new pipe after flushing at 55 and 22 °C,
respectively. However, the THM formation is not affected by the TOC leaching.
(2). After exposing to the PEX pipes and being disinfected by free chlorine and
monochloramine, THM was formed in the waters, while the nitrosamines was not formed (< 5
ng/L). At room temperature (22 °C), the CHCl3 formation was about 20 µg/L after 5d
chlorination (pH 7, [Br -] = 0 µg/L, [Cl2]0 = 2 µg/L-Cl2).
(3). Among the factors that can influence the THM formation, temperature is the most
important, when the temperature increase to 55 °C, the CHCl3 formation is 6.4-fold higher than
22 °C. The order of the factors influencing the THM formation is: temperature > initial free
chlorine > dosage > pH > bromide > concentration > pipe type > > flush period.
(4). PEX pipes are not only the source of THM formation, but also can adsorb the THM as a
sink. The kinetic adsorption data fit the second-order adsorption model perfectly (R2 = 0.99 was
obtained). The adsorption isotherm was fitted using Langmuir and Freundlich equation, and noth
of the equations fit the data well.
(5). The adsorption is influenced by the temperature strongly. At 22 °C, the removal
percentage after 3 d adsorption is 36%, 45%, 52% and 56% for CHCl3, CHCl2Br, CHClBr2 and
CHBr3, respectively. At 55 °C, the removal percentage is 75%, 82%, 84% and 87% for CHCl3,
CHCl2Br, CHClBr2 and CHBr3, respectively.
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(5). For THM species, as the molecular weight increases, the adsorption on PEX pipe
surfaces gets stronger. The removal percentage and the constant calculated by Langmuir and
Freundlich show that the adsorption strength follows the order: CHBr3 > CHClBr2 > CHCl2Br >
CHCl3.
According to the results, it can be concluded that the water quality can be influenced after
exposing to PEX pipes, and the regulation for premise plumbing system where the PEX pipes are
heavily used should be established. However, there are some work that need to be done in the
future. First, the combination of THM formation and adsorption to PEX pipes needs to be
explored. In this research, the individual process of formation and adsorption was measured,
however, the combined experiment was not conducted but necessary. Secondly, the experiment
needs to be upscaled. In the experiments of this research, only 2-meter long pipes were used,
however in a typical individual house, 85 meter of plumbing pipes are averagely used for cold
and hot water. And the increasing contacting surface may influence the result.

.
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Luh, J., & Mariñas, B. J. (2012). Bromide ion effect on N-nitrosodimethylamine formation by
monochloramine. Environmental science & technology, 46(9), 5085-5092.
Lund, V., Anderson-Glenna, M., Skjevrak, I., & Steffensen, I. (2011). Long-term study of
migration of volatile organic compounds from cross-linked polyethylene (PEX) pipes and
effects on drinking water quality. Journal of Water and Health, 9(3), 483-97.
Marhaba, T. F., & Van, D. (2000). The variation of mass and disinfection by-product formation
potential of dissolved organic matter fractions along a conventional surface water treatment
plant. Journal of Hazardous Materials, 74(3), 133-147.
Mccurry, D., Krasner, S., & Mitch, W. (2016). Control of nitrosamines during non-potable and de
facto wastewater reuse with medium pressure ultraviolet light and preformed
monochloramine. Environmental Science: Water Research & Technology, 2(3), 502-510.
Morris, J. (1966). The Acid Ionization Constant of HOCl from 5 to 35°. The Journal of Physical
Chemistry, 70(12), 3798-3805.
Mullionel. (2011, June 5). PP-R Pipes. Retrieved October 31, 2017, from http://ppr.blogspot.com/2011/06/plastic-pipes-market-size-and-structure.html

79
Munch, J. W., & Bassett, M. V. (2004). DETERMINATION OF NITROSAMINES IN
DRINKING WATER BY SOLID PHASE EXTRACTION AND CAPILLARY COLUMN
GAS CHROMATOGRAPHY WITH LARGE VOLUME INJECTION AND CHEMICAL
IONIZATION TANDEM MASS.
Munier, C., Gaillard-Devaux, E., Tcharkhtchi, A., & Verdu, J. (2002). Durability of cross-linked
polyethylene pipes under pressure. Journal of Materials Science, 37(19), 4159-4163.
Namasivayam, C., & Ranganathan, K. (1994). Recycling of ‘waste’Fe (III)/Cr (III) hydroxide for
the removal of nickel from wastewater: adsorption and equilibrium studies. Waste
Management, 14(8), 709-716.
Namasivayam, C., & Kavitha, D. (2002). Removal of Congo Red from water by adsorption onto
activated carbon prepared from coir pith, an agricultural solid waste. Dyes and
pigments, 54(1), 47-58.
National Association of Home Builders (NAHB) Research Center. (2006). Design guide:
residential pex water supply plumbing systems. MD: Upper Malboro.
New Hampshire Department of Environmental Services (NHDES). (2009). Environmental Fact
Sheet: Gasoline Oxygenate Additives: Health Information Summary. Retrieved September
12, 2017, from
https://www.des.nh.gov/organization/commissioner/pip/factsheets/ard/documents/ard-ehp32.pdf
Nielsen, L. M., Fuglsang, I. A., Fischer, E. V., & Hansen, N. (2007). Undersøgelse af PEX rør til
drikkevandsbrug (Study of PEX pipes for drinking water use.). The Danish Environment
Protection Agency, Denmark (No. 1167). Report.

80
Nieminski, E. C., Chaudhuri, S., & Lamoreaux, T. (1993). The occurrence of DBPs in Utah
drinking waters. Journal-American Water Works Association, 85(9), 98-105.
Pereira, V., Weinberg, H., & Singer, P. (2004). Temporal and Spatial Variability of DBPs In a
Chloraminated Distribution System. Journal (American Water Works Association), 96(11),
91-102.
Ramavandi, B., Farjadfard, S., Ardjmand, M., & Dobaradaran, S. (2015). Effect of water quality
and operational parameters on trihalomethanes formation potential in Dez River water,
Iran. Water Resources and Industry, 11, 1-12.
Richardson, S. D., & Postigo, C. (2015). The Next Generation of Drinking Water Disinfection
By-Products: Occurrence, Formation, Toxicity, and New Links with Human Epidemiology.
In Disinfection By-products in Drinking Water (pp. 1-13). Royal Society of Chemistry.
Rodriguez, M. J., Sérodes, J. B., & Levallois, P. (2004). Behavior of trihalomethanes and
haloacetic acids in a drinking water distribution system. Water research, 38(20), 4367-4382.
Safe Drinking Water Committee, & Assembly of Life Sciences Staff Content Provider.
(1979). Drinking Water and Health, Volume 2. Washington, DC, USA: National Academies
Press.
Saidan, M., Rawajfeh, K., & Fayyad, M. (2013). Investigation of factors affecting THMs
formation in drinking water. American Journal of Environmental Engineering, 3(5), 207212.
Santhy, K., & Selvapathy, P. (2006). Removal of reactive dyes from wastewater by adsorption on
coir pith activated carbon. Bioresource Technology, 97(11), 1329-1336.
Sarbatly, R. H., & Krishnaiah, D. (2007). Free chlorine residual content within the drinking
water distribution system. International Journal of Physical Sciences, 2(8), 196-201.

81
Schreiber, I. M., & Mitch, W. A. (2005). Influence of the order of reagent addition on NDMA
formation during chloramination. Environmental Science and Technology, 39(10), 38113818.
SFS. (2014, July 17). Safe Water System. Retrieved October 04, 2017, from
https://www.cdc.gov/safewater/chlorine-residual-testing.html
Simpson, K. L., & Hayes, K. P. (1998). Drinking water disinfection by-products: an Australian
perspective. Water Research, 32(5), 1522-1528.
Singer, P. C. (1994). Control of disinfection by-products in drinking water. Journal of
environmental engineering, 120(4), 727-744.
Singh, S. K., Townsend, T. G., Mazyck, D., & Boyer, T. H. (2012). Equilibrium and intra-particle
diffusion of stabilized landfill leachate onto micro-and meso-porous activated carbon. Water
research, 46(2), 491-499.
Skjevrak, Due, Gjerstad, & Herikstad. (2003). Volatile organic components migrating from
plastic pipes (HDPE, PEX and PVC) into drinking water. Water Research, 37(8), 19121920.
Starr, B., & Starr Consulting. (2007, October 10). Summary Table for Evaluation Of Drinking
Water Quality Goals. Retrieved September 13, 2017, from
http://www.waterboards.ca.gov/rwqcb5/water_issues/drinking_water_policy/summary_tabl
e.pdf.
Stevens, A. A., Slocum, C. J., Seeger, D. R., & Robeck, G. G. (1976). Chlorination of organics in
drinking water. Journal (American Water Works Association), 615-620.

82
Symons, J. M., Krasner, S. W., Sclimenti, M. J., Simms, L. A., Sorensen Jr, H. W., Speitel Jr, G.
E., & Diehl, A. C. (1996). Influence of bromide ion on trihalomethane and haloacetic acid
formation. Disinfection by-products in water treatment: The chemistry of their formation
and control, 91-130.
Toroz, I., & Uyak, V. (2005). Seasonal variations of trihalomethanes (THMs) in water
distribution networks of Istanbul City. Desalination, 176(1-3), 127-141.
Trussell, R. R., & Umphres, M. D. (1978). The formation of trihalomethanes. American Water
Works Association Journal, 70(11), 604-12.
USEPA. (2000). Auxiliary, I. C. R. 1. Database Version 5.0, Query Tool Version 2.0 [CD-ROM].
EPA 815-C-00-002.
USEPA. (2001). Stage 1 Disinfectants and Disinfection Byproducts Rule, (4607), 1–4.
https://doi.org/EPA 816-F-01-014
USEPA. (2005). Fact Sheet : Stage 2 Disinfectants and D isinfection Byproducts Rule
Uyak, V., & Toroz, I. (2007). Investigation of bromide ion effects on disinfection by-products
formation and speciation in an Istanbul water supply. Journal of hazardous
materials, 149(2), 445-451.
VanBriesen, J. M. (n.d.). Potential Drinking Water Effects of Bromide Discharges from CoalFired Electric Power Plants. Retrieved September 14, 2017, from
https://www3.epa.gov/region1/npdes/merrimackstation/pdfs/Comments2RevisedDraftPermi
t/VanBriesenReport.pdf
Volk, C., & LeChevallier, M. (2000). Assessing biodegradable organic matter. American Water
Works Association. Journal, 92(5), 64.

83
Watts, P., Long, G., & Meek, M. E. (2004). Concise international chemical assessment document
58: chloroform. World Health Organization (IPCS), Geneva.
Westerhoff, P. (2006). Chemistry and treatment of disinfection byproducts in drinking
water. Southwest Hydrology, 12, 20-21.
Whelton, A. J., McMillan, L., Connell, M., Kelley, K. M., Gill, J. P., White, K. D., ... & Novy, C.
(2015). Residential tap water contamination following the Freedom Industries chemical
spill: perceptions, water quality, and health impacts. Environmental science &
technology, 49(2), 813-823.
Whelton, A., & Nguyen, T. (2013). Contaminant Migration From Polymeric Pipes Used in
Buried Potable Water Distribution Systems: A Review. Critical Reviews in Environmental
Science and Technology, 43(7), 679-751.
Whelton, A. J., Dietrich, A. M., & Gallagher, D. L. (2009). Contaminant diffusion, solubility, and
material property differences between HDPE and PEX potable water pipes. Journal of
Environmental Engineering, 136(2), 227-237.
Wei, J., Ye, B., Wang, W., Yang, L., Tao, J., & Hang, Z. (2010). Spatial and temporal evaluations
of disinfection by-products in drinking water distribution systems in Beijing, China. Science
of the Total Environment, 408(20), 4600-4606.
World Health Organization. (2004). Guidelines for drinking-water quality (Vol. 1). World Health
Organization.
Yamamoto, Kohji, Kakutani, Naoya, Yamamoto, Atsushi, & Mori, Yoshiaki. (2007). A Case
Study on the Effect of Storage of Advanced Treated Water in a Building’s Plumbing
System on Trihalomethane Levels. Bulletin of Environmental Contamination and
Toxicology, 79(6), 665-669.

84
Zhang, L., & Liu, S. (2014). Investigation of organic compounds migration from polymeric pipes
into drinking water under long retention times. Procedia Engineering, 70, 1753-1761.

